1. Introduction
===============

Contrast-induced acute kidney injury (CI-AKI) is a serious complication after coronary angiography (CAG) or percutaneous coronary intervention (PCI), which is associated with prolonged hospitalization and increased health-care costs, morbidity, and mortality.^\[[@R1]--[@R3]\]^

CI-AKI is usually defined as an increase in the serum creatinine (SCr) level from baseline 48 to 72 hours after contrast exposure.^\[[@R4]--[@R7]\]^ However, with the development of new technology, most patients are discharged within 24 hours after CAG or PCI, without late (24--48 hours) measurement of SCr. Recently, an early postprocedural increase of SCr ≥0.5 mg/dL (SCr values were available in 92.8% of patients at 24 hours and in an additional 6.8% from 24 and 48 hours in the large observational study) was adopted to define CI-AKI, whose findings were cited for the calculation of maximum volume of contrast media to prevent CI-AKI by clinical guidelines, though its predictive value for long-term outcomes was not described and investigated.^\[[@R8],[@R9]\]^ Therefore, the risk of CI-AKI may be underestimated by absence of systematic 48- and 72-hour sampling due to the frequency of early discharge (within 24 hours) in real-world clinical practice,^\[[@R10]\]^ though early (within 24 hours) abnormal increase of SCr has not been accepted by the tradition definition of CI-AKI (48--72 hours) used in most studies and prevention trials. The distribution of patients who develop CI-AKI in the early versus late phases is unknown, and in particular, there is lack of knowledge regarding the incidence and predictive value of a late (24--48 hours postprocedure) SCr increase for patients who do not show an early (within the first 24 hours) increase after CAG or PCI.

In the present study, we investigated the distribution of patients who developed CI-AKI in the early and late phases, and determined the predictive value of early and late phase CI-AKI for long-term mortality. In particular, we sought to determine the clinical significance of a late occurrence of CI-AKI, defined as significantly increase in SCr (SCr ≥0.3 mg/dL or ≥50%) that occurs not in early phase (within 24 hours), but only in the late phase (24--48 hours) after the procedure.

2. Methods
==========

2.1. Subjects
-------------

In this prospective observational study, we reviewed all consecutive patients who underwent CAG or PCI between January 2010 and October 2012 at Guangdong General Hospital. As previously described,^\[[@R11]\]^ we included patients aged ≥18 years who agreed to remain at the hospital to undergo monitoring for 2 to 3 days after CAG or PCI. We excluded patients according to the updated European Society of Urogenital Radiology Contrast Media Safety Committee guidelines.^\[[@R12]\]^ The exclusion criteria included pregnancy, lactation, intravascular administration of a contrast medium within the previous 7 or 3 days postoperation (n = 83), no use of low-osmolarity contrast agents (n = 130), cardiovascular surgery or endovascular repair (n = 382), end-stage renal disease or renal replacement (n = 7), missing preoperative or postoperative creatinine (n = 61), malignancy (n = 3), no use of isotonic saline for hydration (n = 18), and missing day 2 SCr measurement (n = 208). After these exclusions, our analysis included 1721 patients with early single SCr measurement and 1344 patients with SCr measured twice after CAG or PCI.

Informed consent was obtained from each patient and the study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the institution\'s human research committee. The first author drafted the manuscript, and all the authors made the decision, with approval from the steering committee, to submit the manuscript for publication.

2.2. Coronary angiography
-------------------------

CAG was performed according to standard clinical practice, using standard guide catheters, guidewires, balloon catheters, and stents via a femoral or radial approach. The contrast medium dose was chosen at the discretion of the interventional cardiologist. All patients received nonionic, low-osmolarity contrast agents (either iopamiron or iopromide, both 370 mg I/mL). Subjects were treated according to AHA/ACCF guidelines.^\[[@R9]\]^ According to the local institutional protocol,^\[[@R13]\]^ SCr concentrations were measured at hospital admission and on days 1 and 2 after CAG.

The creatinine clearance (CrCl) rate was calculated by applying the Cockcroft--Gault formula to the SCr concentration,^\[[@R14]\]^ and the contrast media volume to CrCl (V:CrCl) ratio was calculated. We previously promoted hydration (IV fluids) protocol for the patients, who received a continuous intravenous infusion of isotonic saline at a rate of 1 mL/kg/h (0.5 mL/kg/h in cases of left ventricular ejection fraction \<40% or severe congestive heart failure) for at least 2 to 12 hours before and 6 to 24 hours after the procedure.

2.3. Primary endpoint and definitions
-------------------------------------

The primary endpoint of this study was CI-AKI, defined as an increase in SCr ≥0.3 mg/dL or ≥50% within 48 hours after the procedure, and compared to baseline. Early CI-AKI was defined as an increase in SCr within the early phase (\<24 hours), with or without increase in the late phase (24--48 hours) after the procedure. Late CI-AKI was defined as an increase in SCr that occurred only in the late phase after the procedure. Major adverse clinical events (MACE) were defined as a composite of all-cause mortality, nonfatal myocardial infarction, target vessel revascularization, CI-AKI requiring renal replacement therapy, stroke, and all-cause rehospitalization. Follow-up events were monitored and recorded by trained nurses through office visits or telephone interviews at 1, 6, 12, 24, 36, and 48 months after CAG or PCI. The mean follow-up period was 2.51 ± 0.86 years (median, 2.45; interquartile range, 1.80--3.27 years).

2.4. Statistical analysis
-------------------------

We grouped 3065 consecutive patients into 1721 patients with early single SCr measurement after CAG and another 1344 patients with both early and late repeat SCr measurements among whom we divided the CI-AKI patients into those with early or late CI-AKI. The clinical and biochemical characteristics and in-hospital clinical outcomes of each group, created on the basis of whether CI-AKI occurred or not, are presented as frequencies and percentages for categorical variables and as the mean ± standard deviation for continuous variables. Comparisons between normally distributed continuous variables were performed using *t* tests. The Pearson chi-squared or Fisher exact test were used, as appropriate, for categorical data analysis.

Univariate and multivariate analyses were performed using the log-rank test and Cox regression analyses to assess whether patients who developed late CI-AKI were at increased risk of long-term death. The data were analyzed on an available case basis, and missing data were not imputed. For multivariable models, cases missing values of included factors were excluded listwise. Candidate predictors that were significant at *P* \< .05 in CI-AKI versus non-CI-AKI univariate analysis and were clinical important were included in the Cox regression models. All data analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC). A 2-sided *P*-value \< .05 was considered significant for all analyses.

3. Results
==========

3.1. Clinical and procedural characteristics
--------------------------------------------

A total of 3065 consecutive patients (76.3% men; mean age, 63 ± 11 years) who underwent CAG or PCI (emergency PCI, 11.9%) were included in the study, including patients with early single SCr measurement after CAG (n = 1721), and patients with both early and late repeat SCr measurements (SCr measured twice; n = 1344; Fig. [1](#F1){ref-type="fig"}). Compared to patients with SCr measured twice, those with only early single SCr had lower risk factors of CI-AKI, according to the Mehran score (Supplement Table 1).^\[[@R15]\]^ Roughly predicted loss of late CI-AKI in patients with only 1st day SCr using Mehran score was 1.35% (Supplement Table 2). Patients with SCr measured twice had higher incidence of early CI-AKI and mortality, and were more likely to develop MACE and need dialysis in-hospital and during follow-up (Supplement Table 3). Therefore, we primarily studied patients with SCr measured twice in order to evaluate the incidence and predictive value of early single or late repeat SCr increases for long-term mortality after CAG or PCI.

![Study flow chart. CAG = coronary angiography, CI-AKI = contrast-induced acute kidney injury, MACE = major adverse clinical events, PCI = percutaneous coronary intervention, SCr = serum creatinine.](medi-96-e8460-g001){#F1}

The clinical characteristics of patients with early and late phase CI-AKI are presented in Table [1](#T1){ref-type="table"}. Compared to patients with late CI-AKI, those with early CI-AKI had a higher estimated glomerular filtration rate and similar age, rate of diabetes, congestive heart failure, anemia, emergency PCI, and contrast volume. The patients with early CI-AKI received similar hydration/IV fluid (mean, median \[interquartile range\]: 1128 ± 688, 1000, \[500--1500\] vs 1087 ± 535, 1000, \[600--1290\], *P* = .861) to that in patients with late CI-AKI. When early CI-AKI was divided into 2 groups: early CI-AKI^normal\ late^ and early CI-AKI^abnormal\ late^, the patients with early CI-AKI^abnormal\ late^ had old age, worse renal, and heart function and undergoing more emergent PCI than that among patients with early CI-AKI^normal\ late^ (Supplement Table 4).

###### 

Clinical characteristics of patients with or without contrast-induced acute kidney injury among patients with serum creatinine measured twice (n = 1344).
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3.2. Definitions of contrast-induced acute kidney injury and in-hospital outcomes
---------------------------------------------------------------------------------

Overall, CI-AKI developed in 134 patients (10%), and the incidence of late and early CI-AKI were 3.6% and 6.4%, respectively. When defining an increase as SCr ≥0.3 mg/dL or ≥50% from baseline was used, and similar results were obtained when using other increase criteria (eg, 0.5/25%, 6.0%, and 9.7%, respectively, *P* = .001; Fig. [2](#F2){ref-type="fig"}). Patients with early CI-AKI were more likely to develop in-hospital MACE than those with late CI-AKI (39.5% vs 20.8%, *P* = .027), and tended to have higher rates of in-hospital mortality (16.3% vs 8.3%, *P* = .196; Table [2](#T2){ref-type="table"}). When early CI-AKI was divided into 2 groups: early CI-AKI^normal\ late^ and early CI-AKI^abnormal\ late^, the patients with early CI-AKI^abnormal\ late^ were more likely to suffered death and other adverse invents than that among patients with early CI-AKI^normal\ late^ (Supplement Table 5).

![Incidence of CI-AKI according to different criteria in patients with serum creatinine measured twice. Percentage refers to patients with CI-AKI as a percentage of the total population. CI-AKI = contrast-induced acute kidney injury, SCr = serum creatinine.](medi-96-e8460-g003){#F2}

###### 

In-hospital and follow-up clinical outcomes for patients with or without CI-AKI in patients with serum creatinine measured twice (n = 1344).
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3.3. Long-term outcomes
-----------------------

The long-term mortality (3-year, 29.7% and 35.6%, respectively, *P* = .553) and frequency of MACE (3-year, 44.7% and 57.1% respectively, *P* = .226) were similar between patients with late CI-AKI and patients with early (Table [2](#T2){ref-type="table"}). Kaplan--Meier curve analysis revealed that those with early or late CI-AKI had increased mortality, compared to patients without CI-AKI (*P* \< .001; Fig. [3](#F3){ref-type="fig"}). There was significant difference in the patients who get 1 or 2 SCr draws, the patients with SCr measured twice had more risk of mortality (Supplement Figure 1).

![Kaplan--Meier curves for the cumulative probability of mortality stratified according to early, late, and no CI-AKI. Associations between early and late CI-AKI and mortality in patients with SCr measured twice (A) or early single SCr measurement (B). CI-AKI = contrast-induced acute kidney injury, SCr = serum creatinine.](medi-96-e8460-g005){#F3}

In the Cox proportional hazards model, after adjustment for age, hypertension, hypotension, emergent PCI, anemia, CHF, diuretic, renal insufficiency, and lesion number, early CI-AKI (adjusted hazard ratio \[HR\]: 2.68, 95% confidence interval \[CI\]: 1.57--4.59, *P* \< .001) and late CI-AKI (HR: 2.05, 95% CI: 1.02--4.15, *P* = .045) were significantly associated with mortality (Fig. [4](#F4){ref-type="fig"}). When using varying criteria to define an increase in SCr (eg, ≥0.3 mg/dL, ≥0.5 mg/dL, ≥25%, and 50%), late and early CI-AKI had similar HRs (Table [3](#T3){ref-type="table"}).

![Cox analysis for mortality stratified according to early, late, and no CI-AKI. CHF = congestive heart failure, CI = confidence interval, CI-AKI = contrast-induced acute kidney injury, eGFR = estimated glomerular filtration rate, HR = hazard ratio, PCI = percutaneous coronary intervention.](medi-96-e8460-g006){#F4}

###### 

Mortality associated with varying definitions of increased SCr in patients with serum creatinine measured twice.
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We also added 7 other variables (gender, DM, no. of stents used, total stent length, procedural duration, contrast volume, and hydration volume) with significant difference between patients with single and twice SCr measurement, to Cox multivariable analysis and found similar result (Supplement Fig. 2).

When early CI-AKI were divided into 2 groups: early CI-AKI^normal\ late^ and early CI-AKI^abnormal\ late^, Cox proportional hazards model showed that early CI-AKI^abnormal\ late^ (adjusted HR: 3.581, 95% CI): 1.956 to 6.557, *P* \< .001) and late CI-AKI (adjusted HR: 2.047, 95% CI): 1.012 to 4.141, *P* = .046) were also significantly associated with increased mortality, while early CI-AKI^normal\ late^ (adjusted HR: 1.532, 95% CI: 0.606--3.873, *P* = .367) did not show an impact on mortality. Further sensitivity analysis showed similar results (Supplement Table 6, Supplement Figure 3).

4. Discussion
=============

To our knowledge, this study may be the first to investigate the distribution and respective clinical significance of different phases of CI-AKI, especially late CI-AKI, which was defined as an increase in SCr that occurred only in the late phase (24--48 hours postprocedure) after CAG or PCI among patients with early and late measurement of SCr. Our data show that late CI-AKI accounts for one third of CI-AKI incidence and its predictive value for long-term mortality was similar to that of early CI-AKI (with 24 hours) after CAG.

SCr is the most commonly used marker for renal function and GFR. Increases in the levels of SCr are associated with subsequent short- and long-term adverse events.^\[[@R4]\]^ After contrast exposure, there is a decline in the excretion of SCr, and the retained SCr is distributed throughout the total body water; thus, the SCr level is expected to slowly rise, continuing to do so until a new steady state has been achieved.^\[[@R16]\]^ Levels of SCr begin to rise within the first 24 hours; typically peak between 2 and 5 days; and return to baseline, or near baseline, within 1 to 3 weeks.^\[[@R17]--[@R19]\]^ Recent advances in technology have led to most patients being discharged within 24 hours after CAG or PCI. For those patients, CI-AKI may be underestimated because the late peak value of SCr may occur beyond 24 hours postprocedure. In the present study, most patients who developed CI-AKI experienced the rise to peak SCr in the 1st day, while approximately one third of patients experienced a late (24--48 hours postprocedure) peak; therefore, a prolonged hospital stay to include next-day measurement of SCr would avoid a missed diagnosis of CI-AKI for some patients.^\[[@R20]\]^

Previous studies showed that minimal elevations of early single SCr (12 hours from baseline) were highly predictive of CI-AKI (increase of SCr \>25% in 48 hours).^\[[@R21]\]^ Ribichini et al^\[[@R22]\]^ also found that the early changes in SCr levels (12 hours from baseline) were superior to changes in cystatin C levels for predicting CI-AKI. In the present study, we found that early absolute and relative increases in SCr (within 24 hours) were significantly associated with CI-AKI. Consequently, early increases of SCr (within 24 hours) appear to be a reliable marker for early risk identification of CI-AKI. Laskey et al^\[[@R8]\]^ first defined the early increase in SCr (within 24 hours) as CI-AKI, because post-PCI SCr values were available in 92.8% of patients at 24 hours and in an additional 6.8% from 24 to 48 hours. In real-world clinical practice, the incidence of CI-AKI may be underestimated due to lack of late repeat SCr measurement, between 24 and 48 hours postprocedure. In addition, the prognostic value of the early definition of CI-AKI lacked prognostic values for clinical outcomes has not been assessed in the previous literature. Ribichini et al found that the early increase of SCr (12 hours from baseline) offered better diagnostic accuracy for predicting 30-day renal damage at an early stage, but did not describe long-term adverse clinical outcomes.^\[[@R21],[@R22]\]^ In the present study, we found that early CI-AKI was a stronger prognostic indicator for long-term outcomes. In addition, our further analysis showed that the patients with abnormal early and late increase in Scr had worse prognosis than those with abnormal early but normal "somewhat late" increase in Scr, which suggested that more nephrology care should be considered for this group of population.

Although we previously promoted protocol of measuring postangiograph Scr twice (day 1 and 2) for patients in the present study, there are still a considerable number of patients (56%) had a protocol deviation where they were discharged home within 2 days postangiogram. When we compared those with and without twice Scr measurements, we found that the patients with only 1 Scr measurement appeared to be more clinically stable (younger, less hypotensive episodes, intraaortic balloon pump use, and contrast volume use), with less coexistent diseases (better renal and heart function, less anemia, and diabetes) and low risk of clinical outcomes (dialysis or mortality), which may be one of reasons to encourage their treating physicians to discharge them early without repeating Scr measurement in the following day. However, among those with a single Scr measurement, 2.32% patients suffered from early CI-AKI and should have received further monitoring of Scr. In addition, for those without early CI-AKI, further risk stratification (eg, Mehran Score) should be considered to identify patients at high risk of late CI-AKI according to our findings.^\[[@R15]\]^ It appears to be difficult to establish a risk model to predict late CI-AKI for patients without early CI-AKI due to a low event rate of late CI-AKI in the present study.

Our data show that late CI-AKI has predictive value for long-term adverse events, which supports the systematic measurement of SCr until 48 hours postprocedure. The early definition of CI-AKI, on the basis of changes in SCr within 24 hours, may be an early and useful tool for identifying patients who develop CI-AKI; however, the result of our limited data is not power enough to change practice patterns to mandate prolonged hospital stay merely for measuring a late SCr. The present study just wants to call for an attention to the lost of late CI-AKI result by early discharge, and we hope further studies can provide more good predictive tools to give an accurate estimate of the risk of CI-AKI in day 1, day 2, and day 3 or later after contrast exposure to help doctors to decide whether a patient can discharge early or have to prolong hospital stay. The development of a benefit and cost profile of late continuous measurement of SCr requires further larger multicenter clinical research.

4.1. Study limitation
---------------------

Our study has several limitations. First, variation in the measurement times in each phase may weaken the accuracy of the results. Second, because this prospective observational study was conducted at a single center, a large scale, multicenter randomized controlled trial is needed to evaluate the late measurement of SCr. Third, cardiologists may perform intensive hydration with a higher volume for patients with more risk factors, which may influence the risk of CI-AKI and time period of increase in Scr (early CI-AKI or late CI-AKI). Forth, 56% (1721/3065) patients received only 1 measurement of Scr despite of previously promoted protocol of 2 times (early, \<24 hours and late, 24--48 hours) measurement of Scr, which may led to miss to value the true risk of late CI-AKI. These patients with once Scr presented with more clinical stable and less CI-AKI risk factors and tend to receive less clinical care or discharge early. Finally, there was lack of data on Scr beyond 3 days postcoronary angiogram in the present study; however, our study aimed at identification of CI-AKI at the earliest possible time postcontrast exposure.

5. Conclusion
=============

Our data showed a late increase in SCr accounted for about one-third of classical CIN incidence and had similar predictive value for long-term mortality as that for early increase among patients with twice measurement of SCr, supporting the importance of the prolonged measurement of SCr after CAG, even for patients lacking an early significant increase of SCr. In addition, more nephrology care should be considered for the patients with abnormal early and late increase in SCr. However, the benefit and cost profile of late continuous measurement of SCr, which try to get sufficient very late SCr data (eg, 48--72 hours, 2--5 days, or 1--3 weeks), needs to be investigated in further large-scale, multicenter clinical researches.
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